Resilience and resistance in sagebrush ecosystems are associated with seasonal soil temperature and water availability.
INTRODUCTION
Invasions by exotic grasses and the grass/fire cycles that they initiate represent increasing threats to native ecosystems around the globe (D'Antonio and Vitousek 1992, Rossiter et al. 2003 , Brooks et al. 2004 , Balch et al. 2013 . A diverse array of vegetation management treatments is used in ecosystems experiencing annual grass invasions to (1) reduce or modify fuels and thus decrease wildfire extent, severity, and frequency, and (2) increase the resilience or recovery potential of ecosystems to wildfire and other disturbances that increase susceptibility to exotic grass invasion . However, use of vegetation management treatments (e.g., prescribed fire, mechanical treatments such as cut-and-leave and mastication, and herbicide applications) to modify fuels and increase ecosystem resilience to future disturbances has mixed results in forests (Reinhardt et al. 2008 ) and various shrublands, including chaparral (Keeley and Fotheringham 2006) and sagebrush (Bates et al. 2000 , Bates and Svejcar 2009 , Davies et al. 2012a , b, O'Connor et al. 2013 , Bristow et al. 2014 , b, Williams et al. 2017 . Recent research indicates that successful use of these treatments requires an understanding of the underlying factors that influence ecosystem resilience to disturbance, or capacity to reorganize and regain characteristic structure and function , b, 2017a , Urza et al. 2017 and resistance to invasive plant species, or capacity to prevent the population growth of the invader (D'Antonio and Thomsen 2004) .
The sagebrush biome in the western United States is an area comprising >500,000 km 2 ) that is exhibiting rapid conversion to exotic annual grasses, such as cheatgrass (Bromus tectorum L.), particularly in warmer and drier ecological types (Balch et al. 2013 , Brummer et al. 2016 . Across much of the biome, factors such as improper grazing, fire exclusion, and climate change have caused increases in woody fuels characterized by fire-intolerant species, such as sagebrush, piñon pine, and juniper (Burkhardt and Tisdale 1976 , Miller and Wigand 1994 , Miller et al. 2008 , Romme et al. 2009 , Summers and Roundy 2018 . These changes have resulted in decreases in fine fuels characterized by perennial grasses and forbs . The introduction of exotic annual grasses has resulted in increases in the amount and continuity of fine fuel in areas with depleted perennial grasses and forbs and consequently more frequent and extensive fires (Brooks et al. 2004 , Balch et al. 2013 . Exotic annual grasses typically increase following fire and, once dominant, have significant impacts on ecosystem structure and function . Vegetation management treatments are widely used to reduce woody fuels, increase fire-tolerant perennial herbaceous species, and control fine fuels resulting from exotic annual grasses .
In sagebrush ecosystems, resilience to disturbances, such as inappropriate livestock grazing and wildfire, and resistance to exotic annual grasses are largely a function of abiotic ecosystem attributes such as temperature and precipitation regimes and biotic ecosystem attributes, such as fire-tolerant perennial herbaceous species , b, Condon et al. 2011 , Davies et al. 2012a . Soil properties related to resource availability, such as texture, waterholding capacity, and nutrient availability, are associated with resilience and resistance before and after disturbance (Rau et al. 2007 , Sankey et al. 2012 , Young et al. 2013a , Aanderud et al. 2017 . Soil hydrologic properties that influence infiltration and sediment movement are associated with abiotic resilience (Williams et al. 2016 ). More favorable environmental conditions for native plant establishment and growth and greater productivity of perennial herbaceous species due to higher precipitation and cooler temperatures typically equate to greater resilience at higher than lower elevations (Condon et al. 2011 , Davies et al. 2012a , b, Knutson et al. 2014 . Also, climate suitability to exotic annual grasses decreases as soil temperatures become colder resulting in greater resistance to these grasses at higher than lower elevations , b, Condon et al. 2011 . On climatically suitable sites, resistance is highly dependent on the abundance of perennial herbaceous species . Although soil temperature and water availability and the relative abundance of perennial herbaceous species are key attributes ❖ www.esajournals.org 2 September 2018 ❖ Volume 9(9) ❖ Article e02417 of ecosystem resilience to disturbance and resistance to exotic annual grasses, studies are needed to quantify the influence of these attributes on resilience and resistance following vegetation management treatments over the environmental gradients that characterize these ecosystems. Perennial herbaceous species, especially deeprooted grasses, play important roles in ecosystem resilience or recovery following both disturbances and vegetation management treatments that result in elevated resource availability , 2017a . Perennial native grasses are highly competitive for available resources and are a strong indicator of resilience to disturbances including fuel control treatments that remove fire-intolerant shrubs and trees (Davies and Svejcar 2008 , Condon et al. 2011 , Davies et al. 2012b ). These grasses typically survive both wildfire and prescribed fire, regrow once conditions are suitable, and stabilize hydrologic and biogeochemical processes if they are sufficiently abundant Ryel 2012, Miller et al. 2013) . They also are highly effective competitors with widespread exotic annual grasses, such as cheatgrass , Davies and Svejcar 2008 , Blank and Morgan 2012 . Their abundance has been greatly reduced in many sagebrush-bunchgrass communities by heavy and recurrent grazing during the growing season, which has allowed ungrazed shrubs like sagebrush to increase in abundance (Young et al. 1979 , Adler et al. 2005 , Miller et al. 2010 , Reisner et al. 2013 , 2015 , Chambers et al. 2017a . Following either wildfire, prescribed fire, or mechanical treatments that remove sagebrush, piñon pine, or juniper, cheatgrass often increases initially or in areas where perennial native grasses have been depleted , Davies et al. 2012b , Williams et al. 2017 . However, increases in cheatgrass cover are typically less following mechanical treatments than prescribed fire in part due to more rapid growth of perennial grasses in the first few years after treatment , Rau et al. 2014 , Bybee et al. 2016 , Williams et al. 2017 ).
Understanding how different climatic conditions as indicated by soil moisture and temperature affect responses to vegetation treatments can help natural resource managers predict where additional weed control and revegetation may be needed. It can also help managers predict how ecosystems and their responses to treatments may vary in response to climate change (Bradley et al. 2016 ). This information can be useful for selecting species to use in restoration for projected climates (Butterfield et al. 2016) . The Sagebrush Treatment and Evaluation project (SageSTEP) is a multistate, multidisciplinary study to determine the effects of fuel control treatments for sagebrush ecosystems across the Great Basin region, USA (McIver and Brunson 2014) . Initial results indicate that while regionwide responses to treatments exist, some responses vary across the environmental gradients that characterize the sites , Williams et al. 2017 ). On four sagebrush SageSTEP sites, Rau et al. (2014) found that sites that were drier due to lower precipitation or had sandy soils with lower water-holding capacity had more cheatgrass cover after treatment. Chambers et al. (2014b) associated differences in vegetation response after treatment with soil temperature and moisture regimes across 16 SageSTEP sagebrush and tree-expansion sites and found that the warmest and driest sites were least resistant to increases in cheatgrass, while the coolest and wettest sites were most resistant to cheatgrass. These studies indicate that pretreatment differences in abiotic variables, such as soil temperature, soil water availability, and soil texture, as well as differences in biotic variables, such as tree, shrub, and perennial and annual grass cover, could be used to predict outcomes of vegetation treatments.
In this study, we used data from 17 of the longterm SageSTEP sites to critically evaluate the relationships among soil climate conditions, perennial herbaceous cover, and cheatgrass cover following fuel management treatments across the environmental gradients that characterize sagebrush ecosystems in the Great Basin. Our intent was to identify soil climate conditions and vegetation attributes that indicate resilience to disturbance and resistance to exotic annual grasses. 
METHODS

Vegetation treatments and measurements
We measured plant cover, soil temperature, and soil water availability on 17 sites across the semi-arid Great Basin of the western United States, including six Wyoming big sagebrush (Artemisia tridentata Nutt. ssp. wyomingensis Beetle & Young) sites (SB) without woodland (WL) expansion and eleven big sagebrush sites with Wyoming and mountain big sagebrush subspecies (A. t. ssp. vaseyana (Rydb.) Beetle) in various stages of WL expansion as described in McIver and Brunson (2014) . There were no seeding treatments applied on any of the sites. On the SB sites, treatments included untreated, burned, mowed, and tebuthiuron (Spike 20P) herbicide application as described in Pyke et al. (2014) . Prescribed fire was implemented in late summer and fall and was followed by spot burning to blacken all shrubs. In the mow treatment, shrubs were mowed to a height of 30-38 cm in the fall. Tebuthiuron was applied at 1.68 kg/ha. Mowing and tebuthiuron treatments were intended to reduce woody plant cover by 50% . In addition, all of these whole-plot treatments and controls were divided into split plots that either received or did not receive a pre-emergent herbicide (imazapic) application to reduce cheatgrass. Imazapic (Plateau, 22.2% acid equivalent) was applied at 105 g/ha within about a month after prescribed fire .
On the WL sites, we measured plant cover on untreated, burned, tree cut-and-leave, and treemasticated (four Utah sites only) plots as described in Miller et al. (2014b) , Roundy et al. (2014a) , and Williams et al. (2017) . Prescribed fire was conducted in late summer and fall, with follow-up spot fires to completely burn all measurement subplots. Mechanical tree reduction consisted of cutand-leave treatment plots on all WL sites and, on the four Utah sites, an additional tree mastication plot. On the mechanical treatment plots, all trees >2 m in height were cut by chain saw or masticated with a Fecon Bull Hog attachment (Fecon, Lebanon, Ohio, USA). Tree canopy cover was reduced to <5% in the burn plots and <1% in the mechanically treated plots. For our current analysis, we averaged vegetation cover and soil data across cut and masticated plots for the Utah sites. Tree mastication has generally produced similar understory responses as tree cutting , Bybee et al. 2016 .
Because plots could not all be burned in the same year , all treatments on a site for both SB and WL experiments were applied in 2006, 2007, and 2009 in a stagger start design (Loughlin 2006 ). This design avoids potential for restricted inferences associated with implementing all treatments under the same set of climatic conditions. Vegetation data used in this study were from measurements made prior to treatment and 6 yr after treatment, except for the Stansbury and Roberts sites. The Stansbury WL site was burned by a wildfire in 2009, 2 yr after treatment, while the Roberts SB site was burned by a wildfire in 2010, 4 yr after treatment. Vegetation data used for these sites were from measurements made on the Stansbury site 2 yr after treatment and on the Roberts site 3 yr after treatment.
For measurement of plant cover, we randomly established 0.1-ha (30 9 33 m) subplots within each treatment and untreated control plot (McIver and Brunson 2014 , Williams et al. 2017 . For SB sites, there were 18-24 subplots per wholeplot treatment (9-12 subplots per imazapic split plot) and subplots spanned a range of perennial grass cover . For WL sites, there were 15 subplots that spanned a gradient of pretreatment tree cover , Williams et al. 2017 . For both site types, subplots were chosen randomly within categories of perennial grass (SB) and tree (WL) cover to allow sampling to cover a gradient of these functional groups. For each subplot, we established a 30-m baseline with five permanent transects placed at 2, 7, 15, 23, and 28 m. We used the line-point intercept method (Herrick et al. 2009 ) to sample plant cover by species and ground cover groups every 0.5 m along each transect for a total of 300 points for each subplot. We then categorized cover data as follows: shrub; tall grass ❖ www.esajournals.org 4 September 2018 ❖ Volume 9(9) ❖ Article e02417
(deep-rooted); short grass (shallow-rooted; only Sandberg bluegrass (Poa secunda J. Presl) was considered a short grass in this study); perennial, annual, and exotic forb; cheatgrass; and bare ground. We recorded foliar cover for each functional group as a single hit for each point if the point contacted any member of that functional group. More than one functional group could be recorded at a single point. Bare ground was only recorded if it was the first and only hit at a point. We calculated percent cover for each subplot for each variable from these data.
Soil climate data collection
We collected soil temperature and water availability data on each of the treatment plots at each SB site. We placed two measurement stations within each treatment plot-one on a subplot with relatively low perennial grass cover and one on a subplot with relatively high perennial grass cover. For untreated and burn treatment plots, we additionally placed stations on subplots of low and high perennial grass cover within no imazapic and imazapic-treated plots. At each station, soil temperatures and soil water matric potential were measured in four microsites: shrub canopy edge, adjacent to tall perennial grass, adjacent to short perennial grass, and interspace between shrubs and grasses. Sensors adjacent to grasses were approximately 10 cm from the nearest tiller. For each microsite, we buried soil temperature and matric potential sensors at 1-3, 13-15, 18-20, and 28-30 cm deep. For the WL sites, we placed three stations within each treatment plot, corresponding to three phases of tree infilling as described in Roundy et al. (2014b) . We buried sensors at each of the four microsites: tree canopy edge, shrub canopy edge, and two interspaces between shrubs within interspaces between trees. We buried sensors at the same depths as those for the SB sites. The Natural Resources Conservation Service classifies rangeland ecological sites based on soil temperatures and water availability at a depth of 50 cm (Caudle et al. 2013) . To better relate our measurements to their classification system, in 2011 we installed soil temperature and matric potential sensors at 50 cm deep in one interspace at each station located on untreated and burned plots for both SB and WL.
Soil temperature and water availability stations were each equipped with Campbell Scientific (Logan, Utah, USA) CR10X or CR1000 microloggers and multiplexers connected to soil temperature and soil water matric potential sensors as described in Roundy et al. (2014b) . Thermocouples were used to measure temperature and gypsum blocks (Delmhorst Instrument Company, Towaco, New Jersey, USA) were used to measure soil water matric potential at each microsite and depth. The microloggers were programmed to read sensors every 60 s and to store hourly averages. Gypsum block resistance data were converted to water potential using standard calibration curves (Campbell Scientific, 1983) . Although some error may be introduced by not individually calibrating each gypsum block, blocks calibrated with standard equations were relatively consistent and sensitive to soil drying in a growth chamber study (Taylor et al. 2007 ). Plants typical of sagebrush ecosystems can extract soil water at depths >30 cm and below the À1.5 MPa matric potential limit of measurement for gypsum blocks. However, soil water in the upper 30 cm of soil that is held at matric potentials >À1.5 MPa is critical for growth of shrub and herbaceous species in these systems (Leffler and Ryel 2012) . The upper 30-cm depth interval has the highest concentration of nutrients, and matric potentials >À1.5 MPa are necessary for nutrients to flow to roots (Ryel et al. 2010, Leffler and Ryel 2012) . We used soil temperature and soil matric potential data to calculate seasonal variables that we expected would be associated with plant growth and cover (Rau et al. 2014 , Table 1 ). We calculated soil temperature and soil water availability variables (Table 1) for six seasons: early spring (March-April), late spring (May-June), spring (March-June), summer (JulyAugust), fall (September-November), and winter (December-February). Treatments were implemented and soil measurement equipment was installed on different years for some of the sites. To analyze data for as many sites as possible and to relate the measurements to the vegetation data, we selected the four years of highest data availability. These years were 2012 through spring of 2016 and were generally 6-11 yr after treatment for most sites. We calculated averages of seasonal soil climate variables (Table 1 ) across these years, across the lower three depths (13-15, 18-20, and 28-30 cm) , across four microsites, and within each treatment and perennial grass condition (SB) or infilling phase (WL). For the Stansbury and ❖ www.esajournals.org 5 September 2018 ❖ Volume 9(9) ❖ Article e02417
Roberts sites, we averaged soil responses for 2 and 3 yr prior to the wildfire for untreated and treated plots. For burn treatments on these sites, we also averaged data from stations on wildfire-burned plots for 2012 through spring 2016. We also measured air temperature and precipitation (1-1.5 m height) on one station at each site (untreated high perennial grass for SB, untreated Phase III infilling for WL). Precipitation was measured with an electronic tipping bucket rain gage (Texas Electronics, Dallas, Texas, USA) and removable precipitation adapter for snowfall (Campbell Scientific). We measured air temperature in a Gill shield using a Campbell Scientific Model 107 temperature probe.
Analysis
Analyses were structured to (1) identify community composition patterns across the sites, (2) determine the effects of treatments on vegetation and soil climate variables, and (3) determine the effects of climate variables on vegetation patterns. To first determine vegetation variables which best represented plant community responses to vegetation treatments, we used non-metric dimensional scaling (NMS) to ordinate plant cover variables across sites and treatments (Peck 2016) . Data for SB treatments and WL treatments were initially analyzed separately because some of the treatments were not the same. For example, SB herbicide and mow treatments had no equivalence for the WL sites and mechanical tree removal on the WL sites did not have an equivalent treatment for the SB sites. We analyzed the site types separately to determine non-confounded treatment trends within the site types. A randomization test was applied to determine significance of the ordinations and a stress test to determine the number of axes for the final solution. Once the number of axes was determined, NMS was conducted at least twice more using 250 iterations to check for consistency in the output. The iteration with the lowest stress was chosen. After rotating the axes so that variables associated with perennial native herbaceous cover were on the primary axis, we calculated the Pierson correlation of vegetation cover variables in relation to axis scores. A second NMS analysis used data from burn plots from both the SB and WL sites together to best represent the gradient in vegetation across all study sites. Prescribed fire was the one treatment that was similar for both site types because all vegetation was ignited in this treatment. Thus, we analyzed composition across both site types on the burn treatment in order to identify patterns of vegetation response to fire that were similar across both site types. As with the first NMS, axes were rotated to represent variables associated with perennial herbaceous cover on the primary axis and Pierson correlations were calculated for vegetation cover variables with axis scores. Non-metric dimensional scaling analyses were conducted in PC-ORD v. 6 Number of times that soil matric potential >À1.5 MPa, before or after being <À1.5 MPa Average wet period (d) Average length in days of all wet periods Maximum wet period (d) Sum of wet days for the longest period that soil was continuously wet (>À1.5 MPa matric potential) Dry days Sum of hours when soil matric potential <À1.5 MPa/24 Dry periods (no.)
Number of times that soil matric potential <À1.5 MPa, before or after being >À1.5 MPa Average dry period (d) Average length in days of all dry periods Maximum dry period (d) Sum of dry days for the longest period that soil was continuously dry (<À1.5 MPa matric potential) ❖ www.esajournals.org 6 September 2018 ❖ Volume 9(9) ❖ Article e02417 and 7 (MjM Software Design, Gleneden Beach, Oregon, USA). Second, we determined variation in treatment response across, among, and within study sites. To determine vegetation cover and soil climate responses across study sites, we used mixed model analysis. Because some treatments were not equivalent, we analyzed vegetation cover data and soil climate variables separately for SB and WL sites. Site was considered a random effect and treatment was considered fixed. For the vegetation cover analysis, measurement time was also included as a fixed variable. The measurement times were (1) pretreatment, (2) 2 yr post-treatment for the Stansbury site, 3 yr post-treatment for the Roberts site, and 6 yr post-treatment for all other sites. We had to use earlier post-treatment data for the Stansbury and Roberts sites because they were burned in wildfires in 2009 and 2010, respectively. Percent cover was logit-transformed prior to analysis (Warton and Hui 2011) , while soil climate variables were not transformed because their residuals were generally normally distributed. The Tukey test was used to determine significant differences (P < 0.05) among treatment means across sites. To determine variation in vegetation cover for treatments among and within study sites, we calculated and graphed means and standard errors across subplots for each treatment at each study site for both preand post-treatment. To determine biotic constraints on annual grass cover both across and within study sites, we conducted simple linear regression across study sites and by treatment, and then within each study site and treatment. For these regressions, we used post-treatment subplot data with cheatgrass cover as the dependent variable and perennial herbaceous cover as the independent variable. Finally, to determine the effects of treatments on soil climate variables both across and within study sites, we compared cross-site treatment means and standard deviations with those calculated for each site and across treatments within site using subplot data.
Our third set of analyses related vegetation response to site and soil climate conditions. To characterize the climate of our sites, we separately graphed SB and WL site October -June precipitation and mean annual air temperature for 2012 through June 2016 using data collected on-site, and 30-yr means (PRISM 2017). We then tested the effects of October-June precipitation and mean annual temperature (independent variables) on perennial herbaceous and cheatgrass cover on the burn treatment (dependent variables) using simple and multiple regression. To determine vegetation associations with soil climate responses, we used two analyses. First, we calculated Pierson correlations of soil climate variables with vegetation axes scores from our NMS ordinations described above. Second, we used decision tree partition analysis in JMP v 12.1.0 statistical analysis software to analyze data from SB and WL burn plots combined (SAS Institute 2015). Partition analysis finds independent variables that best predict groups of a dependent variable. We primarily used data from burn plots because the burn treatment was most similar across both SB and WL sites and because annual plants and cheatgrass are most likely to dominate after fire. That makes burn treatment analysis our best indicator of climate effects on annual plant response. In decision tree analysis, the LogWorth statistic is used to determine the independent variables that make the optimal splits of groups of the dependent variable. A hierarchical tree of splits is produced which associates groups and subgroups of the dependent variable with a partition or cutoff value of an independent variable. In our partition analyses, the dependent variable was either perennial native herbaceous or cheatgrass cover, and the independent variables were seasonal soil climate variables. A second partition analysis was also run to determine how soil climate variables on untreated plots associated with perennial herbaceous and cheatgrass cover on burn plots. A final partition analysis was conducted to determine associations of perennial grass and cheatgrass cover with soil variables measured at 50 cm deep.
RESULTS
Plant community patterns indicated by NMS axes
Ordination results indicated that annual and perennial herb cover represented major gradients from low to high cover across our sites and treatments. Near-perpendicular axes of annual and perennial herbaceous cover of all ordinations confirmed a negative relationship between these variables. All NMS ordinations were significant (P < 0.01), as determined by randomization tests ❖ www.esajournals.org 7 September 2018 ❖ Volume 9(9) ❖ Article e02417 (Peck 2016) . Ordination of SB vegetation using data from untreated, burned, mowed, and tebuthiuron-treated plots indicated that three axes explained 84.3% of the variability with axes 1, 2, and 3 accounting for 55.8%, 26.8%, and 1.7% of the variation (stress = 7.98; Fig. 1 ). Axis 1 depicted a gradient from more shrub (lower scores) to more perennial herbaceous dominance (higher scores) as indicated by correlation of vegetation functional groups with axis scores ( Table 2) . Axis 2 represented a gradient from more bare ground (higher scores) to more annual forb and cheatgrass cover (lower scores). Axis 3 represented a gradient from more bare ground (higher scores) to more short grass cover (lower scores). Treatment centroids indicated that the burn and mow treatments were associated with more perennial herbaceous and annual cover, with no treatment and tebuthiuron treatment being associated with more bare ground and less annual and perennial herbaceous cover (Fig. 2) . Ordination of WL vegetation indicated that two axes explained 93.6% of the variability with axes 1 and 2 accounting for 62% and 31.6% of the variation (stress = 13.8; Fig. 2 ). Axis 1 represented a gradient from low to high perennial herbaceous cover, as indicated by vegetation functional group correlations with NMS scores (Table 2) . Axis 2 represented a gradient from low to high annual forb and cheatgrass cover. The Fig. 1 . Non-metric dimensional scaling ordination of vegetation cover on six sagebrush sites and four fuel control treatments. Teb, tebuthiuron treatment; BG, bare ground; AFC, annual forb; CGC, cheatgrass; EFC, exotic forb; TSC, shrub; SC, sagebrush; SGC, short grass (Sandberg blue grass); TGC, tall grass; PGC, perennial grass; PFC, perennial forb; TPHC, perennial herbaceous. Length of red lines for these variables indicates correlation with axis scores.
❖ www.esajournals.org 8 September 2018 ❖ Volume 9(9) ❖ Article e02417 mechanical treatment centroid indicated an association with more perennial herbaceous cover, while the burn treatment centroid indicated an association with more annual forb and cheatgrass cover. Ordination of SB and WL vegetation combined on burned plots indicated that two axes explained 95.1% of the variation (stress = 10.8, Fig. 3 ). Axis 1 accounted for 46.8% of the variation and was associated with perennial herbaceous cover (Table 2) . Axis 2 accounted for 48.3% of the variation and was associated with annual forb and cheatgrass cover. Based on these NMS results, we choose cheatgrass cover to represent resistance and perennial herbaceous cover to represent resilience in our subsequent analyses. Lower cheatgrass cover indicates more resistance to population growth of annual invasive grasses (D'Antonio and Thomsen 2004). More perennial herb cover indicates greater resilience because it represents greater potential of the site to return to a predisturbance state where native bunchgrasses were a key lifeform .
Vegetation responses to treatments and sites
For the SB sites, only analyses across the imazapic treatments within the untreated and burned plots revealed higher cheatgrass cover ❖ www.esajournals.org 9 September 2018 ❖ Volume 9(9) ❖ Article e02417 (P < 0.05) on burned (15.4% AE 2.3%) than untreated plots (7.5% AE 2.3%; Appendix S1: Table S1 ). Burning increased (P < 0.05) tall grass cover (18.5% AE 2.4%) compared to no treatment (9.1% AE 2.4%) across both no imazapic and imazapic-treated plots, while imazapic decreased short grass cover (8.9% AE 2.2%) compared to no imazapic (10.9% AE 2.2%) across both untreated and burn treatments (P < 0.05). Lack of statistically significant differences in treatments across the region was associated with substantial variation in response to treatments at different sites (Fig. 4) . For example, burning increased cheatgrass cover compared to pretreatment at the Owyhee, Roberts, and Onaqui sites, while mowing and tebuthiuron increased it at the Owyhee and Roberts sites (Fig. 4) . In contrast, burning increased perennial herb cover compared to pretreatment at the Moses Coulee, Saddle Mountain, and Roberts sites; mowing increased it on the Rock Creek, Saddle Mountain, and Owyhee sites; and tebuthiuron increased it somewhat at the Owyhee and Roberts sites (Fig. 4 ). Owyhee and Roberts had much higher cheatgrass cover than the other sites, while Moses Coulee had higher perennial herb cover than the other sites. For the WL sites, treatment, time of measurement, and their interaction were significant (P < 0.05) for both cheatgrass and perennial herbaceous cover (Appendix S1: Table S1 ). For WL sites, burning resulted in the highest cheatgrass cover (18.8% AE 3.1%, 6 yr since treatment for all sites except Stansbury which was 2 yr since treatment), while mechanical treatments resulted in the highest perennial herbaceous cover (31.5% AE 3.4%). As with the SB sites, there was high variation in cover among WL sites (Fig. 4) . Burn plots had the highest cheatgrass cover on all sites, but cover varied greatly among the sites from <5% at Walker Butte and Seven Mile to >30% at Stansbury, Scipio, and Greenville (Fig. 4) . Mechanical tree reduction produced the highest perennial herbaceous cover on seven of eleven sites, but it varied from <20% at Seven Mile to >30% on mechanical plots at most other sites.
Relationship of cheatgrass cover to perennial herbaceous cover for treatments and sites
We found high variation in cheatgrass and perennial herbaceous cover for both SB and WL subplots across sites. Regressions of cheatgrass cover on perennial herb cover across all sites and by treatment generally had significant intercepts and slopes. However, regression fit varied greatly for SB and WL sites with r 2 values ranging from near zero to 0.89 across the separate sites and treatments, indicating large site-specific differences in cheatgrass and perennial herb cover among subplots across sites for the six years of the study (Appendix S1: Tables S2, S3 ). Regressions varied in intercepts, slopes, and significance among treatments and sites, indicating site-specific relationships between cheatgrass and perennial herbaceous cover. In general, the ability to detect significant negative effects of perennial herb cover on cheatgrass cover (P < 0.05), as indicated by more negative slopes within the treatments, was greater with higher ❖ www.esajournals.org 11 September 2018 ❖ Volume 9(9) ❖ Article e02417 Fig. 4 . Pretreatment and post-treatment cover + 1 standard error of cheatgrass and perennial herbs on sagebrush and woodland sites in the Great Basin. Post-treatment is 2 and 3 yr since treatment for the ST and RO sites, and 6 yr after treatment for all other sites. UT, untreated; B, burned; M, mechanical treatment; T, tebuthiuron treatment; and from roughly west to east, sagebrush sites were MO, Moses Coulee Washington; RC, Rock Creek Oregon; SM, Saddle Mountain Washington; OW, Owyhee Nevada; RO, Roberts Idaho; OS, Onaqui sage Utah; and from west to east, woodland sites were BM, Blue Mountain California; WB, Walker Butte, BC, Bridge Creek, and DR, Devine Ridge Oregon; SV, Seven Mile; SR, South Ruby; and MC, Marking Corral Nevada; ST, Stansbury; OJ, Onaqui juniper; SC, Scipio; GR, Greenville Bench Utah.
❖ www.esajournals.org 12 September 2018 ❖ Volume 9(9) ❖ Article e02417 cover of both cheatgrass and perennial herbaceous species for SB sites when perennial herb cover was greater than that of cheatgrass (Appendix S1: Tables S2, S3 ). For regressions of separate SB and WL sites and treatments, intercepts were significant (P < 0.05) for most treatments within sites, except for no treatment and where cheatgrass cover was less than about 8%. Two relatively warm and dry WL sites, including Stansbury and Scipio, had significant slopes for the burn treatment with cheatgrass cover as high as or higher than perennial herb cover.
Precipitation and air temperature among sites
The SB and WL sites occurred along a gradient of mean annual air temperature and precipitation (Fig. 5) . Variation among sites was more pronounced for the relatively warm 2012-2016 study period than the 30-yr mean (PRISM 2017; Fig. 1 
Soil climate responses to treatments and sites
Soil climate variables were highly variable among seasons (Appendix S1: Tables S4, S5 ). Wet degree-days (Table 1) , a useful measure of both favorable soil temperatures and water availability for plant growth, was highest in spring. Across SB sites, fall wet days were greater for burn (14.4 AE 1.4) than untreated (11.1 AE 1.4) plots across imazapic treatments and were greater for no imazapic (14.2 AE 1.4) than imazapic plots (11.4 AE 1.4) across untreated and burn treatments (P < 0.05). Average soil temperatures were about 1°C higher for burn than untreated plots in early spring, summer, and fall. Degreedays were slightly higher for burn than untreated plots in late spring, but the reverse was true in fall. Standard deviations of soil climate variables for treatments across sites were higher than within sites and across treatments (Appendix S1: Table S4 ).
Analyzing across all WL sites as blocks, burning increased (P < 0.05) mean soil temperatures ❖ www.esajournals.org 14 September 2018 ❖ Volume 9(9) ❖ Article e02417 compared to untreated and mechanical plots for most seasons (Appendix S1: Table S5 ). Degreedays followed a similar pattern, except that mechanical plots had fewer degree-days than untreated and burn plots in spring. Burning and mechanical tree reduction increased soil temperature and water availability variables compared to no treatment in fall and spring. As with the SB sites, larger standard deviations among WL sites within a treatment than among treatments within a site indicated more effect of site than treatment on soil climate variability (Appendix S1: Table S5 ).
Correlation of precipitation and air temperature with vegetation cover
For SB and WL sites, October-June precipitation and annual average temperatures either for the 2012 to spring 2016 or the 30-yr means were not significantly correlated alone or together in multiple regression with annual or perennial herbaceous cover on burn plots (P > 0.05), which exhibited the largest increases in annual plant cover in response to treatment.
Correlation of vegetation gradients displayed by NMS axes with soil climate variables
For the SB NMS ordination using data for all treatments (Fig. 1) , soil climate variables were moderately correlated with vegetation ordination axes (Table 3) . Variables associated with warmer and wetter winters and early springs were positively correlated with axis 1 (higher perennial herbaceous cover and lower sagebrush and total shrub cover). Variables with negative correlations with this axis such as average dry period were associated with decreasing perennial herbaceous cover. Soil variables associated with warmer falls, winters, and springs were positively correlated with axis 2, representing cheatgrass and other annual plant cover (Table 3) . Variables associated with wetter springs and falls were correlated with axis 3, which represented more short grass cover and lower bare ground.
For the WL ordination (Fig. 2) , soil climate variables associated with wetter winters and early springs were positively correlated with axis 1 or perennial herb cover (Table 3) . These variables were negatively correlated with bare ground. Variables associated with warmer springs, summers, and falls were most positively correlated with axis 2 or more annual forb and cheatgrass cover (Table 3) . We focused much of the remainder of our analysis on the burn treatment because it was the most similar treatment for both SB and WL areas, and because it was most likely to be dominated by cheatgrass. For the ordination of SB and WL burn plots combined (Fig. 3) , variables correlated with axis 1 or perennial herbaceous cover indicated positive associations with warmer and wetter winters and warmer springs (Table 3) . Although correlations of soil temperature and some soil water availability variables with axis 2 or annual cover were significant (P < 0.05) for the burn treatment, they were not very high (r 2 ≤ 0.16) ( Table 3 ). Because axis 2 scores were more negative as annual forb and cheatgrass cover increased (Fig. 3) , negative correlation of soil climate variables with axis 2 scores (Table 3) indicates a positive association between soil climate variables and annual plant cover. Variables representing warmer late springs, summers, and falls were most correlated with increasing cheatgrass cover for SB and WL sites and for burn treatments (Table 3) .
Partition analysis of vegetation cover and soil climate variables
Decision tree partition analysis of SB and WL together was used to associate seasonal soil climate variables with either total perennial herbaceous or cheatgrass cover for burned plots. When the decision tree analysis was run for cheatgrass cover as the dependent variable and included all seasonal soil climate variables, summer wet degree-days was selected as the first partition or split. The R 2 for this model was 0.70, and higher cheatgrass cover was associated with warmer and wetter summers, winters, and late springs. However, because summer wet days were very limited on most of our sites (Appendix S1: Tables S4, S5), we reran the partition analysis omitting summer soil climate variables to better see how perennial herbaceous and cheatgrass cover were associated with soil climate for the other seasons. The decision tree model for cheatgrass cover with summer soil climate variables omitted had an R 2 of 0.69 (Table 4) . High cheatgrass cover was associated with warmer late springs and warmer and wetter falls ( perennial herbaceous cover had an R 2 of 0.71 and included six partitions or splits (Table 4 ). Higher perennial herbaceous cover was associated with fewer winter dry periods, wetter and warmer springs, and cooler falls. For sites with drier winters, more perennial herbaceous cover was associated with wetter and warmer early springs.
We also conducted decision tree analysis of post-fire cheatgrass cover on burn plots using untreated plot soil climate variables as independent variables to estimate how preburn soil conditions associated with post-burn perennial herbaceous and cheatgrass cover. For that analysis, the model R 2 was 0.70 for cheatgrass cover and 0.77 for perennial herbaceous cover (Appendix S1: Table S6 ). Wetter falls, or if drier, warmer late springs, were associated with more cheatgrass cover while drier falls and cooler late springs were associated with less cheatgrass cover. Warmer and wetter springs were associated with more perennial herbaceous cover, while cooler springs were associated with lower cover.
Partition analysis of cheatgrass and perennial herbaceous cover was also conducted using annual seasonal soil climate variables measured at 50 cm soil depth. Although there was little difference in soil temperatures at this depth between untreated and burned plots, there was a large difference in cheatgrass cover. Therefore, we only used data from burned plots in the analysis. The decision tree model for cheatgrass cover had an R 2 of 0.62 and four splits (Table 5) . Greater cheatgrass cover was associated with an average soil temperature at 50 cm ≥12.3°C, as well as a greater maximum dry period, and maximum soil temperatures at 50 cm ≥23.8°C. The model for perennial herbaceous cover had an R 2 of 0.62 and had five splits (Table 5 ). Greater perennial herbaceous cover was associated with longer average wet periods, an earlier start to the maximum wet period (earlier than 15 April, but later than 28 January), and cooler minimum soil temperatures.
DISCUSSION
Ordination by functional groups indicated that both annual and perennial herbaceous plant cover represented major gradients in pre-and posttreatment plant communities. Because they are directly related to resilience to disturbance and resistance to exotic annual grasses in sagebrush ecosystems , we chose cheatgrass and perennial herbaceous cover as biotic variables to compare plant cover responses after vegetation management treatments to decrease fuels. We found that prescribed fire was the treatment that most increased cheatgrass cover. This result is typical for sagebrush ( ecosystems in the Great Basin region where, depending on severity, fire reduces woody plant cover and may temporarily reduce perennial grass cover, thereby creating high resource availability for exotic annuals such as cheatgrass . Perennial herbaceous cover typically increases after mechanical tree reduction (Bates et al. 2000 , Bybee et al. 2016 , Williams et al. 2017 ) and over time after fire . However, as the current and previous studies found, the effects of both fire and mechanical woody plant reduction on both cheatgrass and perennial herbaceous vegetation can be highly variable across the environmental gradients and site types that characterize these ecosystems (Davis 1979 , Bates and Svejcar 2009 , Davies et al. 2012a , b, Miller et al. 2013 , Taylor et al. 2014 , Bybee et al. 2016 , Havrilla et al. 2017 , Williams et al. 2017 . Previous studies also found that much of that variability can generally be explained by climate, pretreatment abundance of annual and perennial species prior to treatment, and soil conditions , 2017a , Davies and Svejcar 2008 , Sankey et al. 2012 , Rau et al. 2014 . Environmental conditions such as soil water and temperature have major effects on climate suitability for individual species as well as on interactions between invasive brome grasses and perennial species, especially perennial grasses . We found that treatment effects on environmental conditions, as well as background site environmental conditions, influenced vegetation response. Increases in soil temperatures and water availability after fire and mechanical treatments have been associated with greater biomass or cover of both cheatgrass and perennial herbs (Bates et al. 2000 , 2002 , 2017a , Keeley and McGinnis 2007 , Rau et al. 2007 , Allen et al. 2011 , Young et al. 2013a , Aanderud et al. 2017 . Tree reduction can greatly increase the time of available water in spring, especially on areas with advanced expansion (Young et al. 2013b ). We found a greater effect of treatments on soil climate variables for tree-expansion (WL) than non-expansion (SB) sites (Appendix S1: Tables S4, S5 ). Warmer soil and air temperatures are associated with higher seed germination, seed production, and population growth of cheatgrass , Compagnoni and Adler 2014 , Blumenthal et al. 2016 . Increased soil temperatures on burned plots and greater wet degree days on mechanical plots likely stimulated cheatgrass growth (Appendix S1: Tables S4, S5 ). We did not measure soil climate at seedbed depths in our current analysis. However, Cline et al. (2018a, b) analyzed seedbed temperature and water potential of our woodland sites and found that burning increased predicted germination of both cheatgrass and perennial grasses. In our current analysis, and except for tree reduction treatments at mid to advanced expansion, variation of soil climate variables among sites and within a treatment was greater than their variation among treatments within a site. Our current analysis shows that soil temperature-related variables measured in the root zone below the seedbed are affected more by site differences than those due to vegetation treatments within a site. This indicates that site environmental conditions influence vegetation treatment responses.
Our results linking warmer and drier soil climate conditions with cheatgrass occurrence and dominance are generally consistent with both survey and experimental approaches that have associated cheatgrass with environmental conditions. Bradford and Lauenroth (2006) , Bradley (2009), and Taylor et al. (2014) found that areas with increased summer precipitation were most resistant to cheatgrass due to less favorable conditions for cheatgrass establishment and stronger competition from perennial grasses . Warmer temperatures favor cheatgrass, but its primary limitation is growing-season precipitation (Bradley and Mustard 2005, Bradley 2009 ). Surveys of Condon et al. (2011) and Brummer et al. (2016) and experimental studies of Chambers et al. (2007) confirm that cheatgrass is best adapted to warmer conditions within the Wyoming big sagebrush type where summer precipitation is limited and plants mainly depend on winter and spring soil moisture. Precipitation is also more variable in the Wyoming than mountain big sagebrush zone, resulting in less perennial plant abundance to resist cheatgrass dominance after disturbance (Davis et al. 2000 ). However, Brummer et al. (2016) note that there are areas within the Wyoming big sagebrush type that are not dominated by cheatgrass, even after fire. Other experimental studies have shown that induced warmer temperatures increase cheatgrass cover at higher elevations, depending on water availability as associated with more or less snowpack (Griffith and Loik 2010, Concilio et al. 2013, Compagnoni and Adler 2014) . Cheatgrass is projected to spread and dominate where it is already well adapted and where climate changes could increase fire frequency (Abatzoglou and Kolden 2011 , Boyte et al. 2016 , Coates et al. 2016 . It may also expand its range upward in elevation and to the north as temperatures warm and to the east in areas where summer precipitation decreases (Bradley et al. 2016) . The range of cheatgrass may contract in warmer and drier areas, but increases in other annual grasses, such as B. rubens, may negate any restoration opportunities (Bradley et al. 2016 ).
Our results generally support these conclusions and emphasize the importance of seasonal climate effects on vegetation trajectories after disturbance. We observed consistent patterns from partition analysis not only for cheatgrass cover, but also for perennial herbaceous cover. Specific independent variables, break points, and groups varied among the three sets of partition models we ran, so we caution about making highly specific inferences about site groupings. However, perennial herbaceous cover was positively associated with wetter soils, specifically wetter winters and early springs (Tables 4, 5 ). Cheatgrass cover was positively associated with warmer and drier sites, specifically sites with warmer late springs and falls. On sites with cooler late springs, those with warmer falls supported higher cheatgrass cover (Tables 4,  5 ). Sites with dry or cold falls had less cheatgrass cover. These associations for both perennial herbaceous and cheatgrass cover were also consistent with NMS plant cover score correlations with soil variables (Table 3) .
Cheatgrass is most competitive in semi-arid areas like the Great Basin where its life cycle matches the cool-wet winters, and warm, dry summers (Bradford and Lauenroth 2006) . Its ability to germinate in many falls (Bradford and Lauenroth 2006 , Cline et al. 2018b ) and grow roots through the winter (Harris 1977, Aguirre and Johnson 1991, Nasri and Doescher 1995) makes it competitive with perennial bunchgrasses during the short period in spring and early summer when soil water is available and temperatures are warm enough for rapid growth (Leffler and Ryel 2012) . Our results specifically indicate the positive association of warm late springs and warm and wet falls with cheatgrass cover and suggest that sites most prone to fall germination of cheatgrass may be least resistant to its dominance. The ability to germinate in spring ) supports cheatgrass persistence, but fall-germinated cheatgrass may produce more tillers and seeds than germinants from other seasons (Mack and Pyke 1983, Griffith and Loik 2010) . Cheatgrass has relatively high frost tolerance (Bykova and Sage 2012) , but fall germination could result in cheatgrass seedling frost mortality (Bradley et al. 2016 ) because multiple freeze-thaw cycles are common during the winter in the sagebrush steppe where cheatgrass is adapted (Roundy and Madsen 2016) . Fall germination could also result in mortality associated with snow cover (Griffith and Loik 2010, Compagnoni and Adler 2014) . Cooler temperatures and fewer degree-days at higher elevations are associated with reduced cheatgrass emergence, growth, and seed production ). On climatically suitable sites, cheatgrass may also be constrained at higher elevations by greater competition from more abundant perennial grasses sustained by more consistent precipitation and soil water availability ). Our results indicate that perennial herbaceous cover is highest on sites with greater availability of soil water in winter and early spring.
While treatments in the sagebrush zone may increase soil water availability and even soil temperatures, response by perennial or annual plants will be heavily influenced by site seasonal soil temperature and water availability. From our partition analysis results, we depict abiotic conditions influencing perennial herbs and cheatgrass in a simple key that shows estimates of relative cheatgrass resistance (Table 6 ). Sites with the lowest or intermediate abiotic cheatgrass resistance due to soil climate will be most sensitive to treatments that reduce biotic resistance or cover of perennial herbs, such as severe fire or heavy spring grazing. Sites that are more abiotically resistant to cheatgrass are most likely to retain or recover perennial herb cover and resist cheatgrass dominance after disturbance. Uncertainty in seasonal climate projections and highly variable microclimates associated with topographic variability makes projections of cheatgrass-perennial herbaceous dominance difficult, but examining seasonal relationships allows some general predictions (Bradley et al. 2016 For the northern Great Basin, climate change models predict lower precipitation in October, April, and May, while projecting higher precipitation for winter and early spring and warmer temperatures for fall, winter, and spring (Boyte et al. 2016) . Based on these projections and the associations in Table 6 , we expect that some sites will move from higher to intermediate cheatgrass resistance due to warmer springs or drier winters and early springs. On the other hand, a decrease in October precipitation could reduce fall cheatgrass germination for some sites and make them slightly more resistant to cheatgrass. While warming trends are expected to increase cheatgrass cover at higher elevations (Bromberg et al. 2011, Compagnoni and Adler 2014) , the increase may be geographically small (Boyte et al. 2016 ).
Our results suggest that these increases could be offset by increased winter and early spring precipitation which favors perennial herbs. Our results generally support the soil temperature/moisture model of sagebrush steppe ecosystem resilience and resistance proposed by Chambers et al. (2014a) , supported by Chambers et al. (2014b) , and established into a management framework by Miller et al. (2014a) , Chambers et al. (2017b) , and Pyke et al. (2017) . This model associates cooler soil temperature and wetter soil moisture regimes with greater resilience and resistance of sagebrush ecosystems. The Chambers et al. (2014a) model encompasses warmerdrier (salt desert shrub) and cooler-wetter (mountain brush zone) sites than most of the sites we analyzed in this SageSTEP study. In the Chambers et al. (2014b) analysis of 16 SageSTEP sites, Wyoming big sagebrush sites were associated with warmer-drier soil temperature and moisture regimes and lower resilience and resistance than cooler and wetter mountain big sagebrush tree-expansion sites. Wyoming big sagebrush tree-expansion sites fell in the middle of these two and were not as easily categorized as more or less resilient and resistant.
Our analysis of 17 SageSTEP sites indicates that favorable growth conditions in one season may compensate for less favorable conditions in another season for both cheatgrass and perennial herbs. Also, higher perennial herb cover can resist cheatgrass on sites where it is climatically adapted. The Onaqui juniper burn plot is an example of where soil temperature and moisture favor perennial herbs and slightly disfavor cheatgrass, although cheatgrass is definitely adapted, as seen in some dense patches on the site. From the partition analysis (Table 4) , the burn plot classified as moderate-to-high potential for perennial herbs associated with wetter winters and lower potential for cheatgrass associated with cooler and drier falls. It had high perennial grass cover, limited cheatgrass cover, and a marginally significant (P = 0.06) negative slope between the two (Appendix S1: Table S3 ). On this site, abiotic conditions and site history support high cover of perennial grasses, which are resisting cheatgrass, even though it is adapted to the site. Many of our other sites are similar to this where cheatgrass is adapted but held more or less in check by perennial herb cover. The two sites with the least cheatgrass cover on burn plots were Walker Butte and Seven Mile. The Walker Butte burn plot had much higher perennial herb cover and associated wetter winters and early springs than Seven Mile (Appendix S1: Table S3 ). Both sites had cooler late springs and cooler falls and were associated with less cheatgrass potential (Table 4) . Slopes of cheatgrass as a function of perennial herb cover were not significant for either of these sites, suggesting that cheatgrass may be climatically controlled on both of these sites, but especially on the Seven Mile site where there is limited perennial herb cover. Site history and pretreatment perennial herb abundance can interact with climatic conditions and result in more or less perennial herb cover and biotic resistance to cheatgrass. This can make associations of soil climate and vegetation composition and subsequent prediction of resistance and resilience difficult for a specific site. The Stansbury burn plot had the highest cheatgrass cover of all of our sites. According to our partition analysis (Table 4) , it has high potential for perennial herbs associated with wetter winters and springs and moderate potential for cheatgrass associated with warmer falls. Perennial herb cover had a significant (P < 0.0001) negative association with cheatgrass on this site (Appendix S1: Table S3 ), and we have observed limited cheatgrass cover on this site where perennial grass cover is high. Higher biotic control of cheatgrass across this site may be limited by the amount of perennial herb cover prior to burning. In contrast, the Saddle Mountain site is the warmest and driest of our sites and classifies as having lower resilience due to drier winters and early springs (Table 4) . It is moderately resistant to cheatgrass because it has dry falls (Table 4) . However, both cheatgrass and perennial grasses grow well on this site during the warm winters when soil moisture is available. This allows higher cover of perennial grass to resist cheatgrass cover, as indicated by the significant (P = 0.029) negative relationship between the two (Appendix S1: Table S2 ). This example illustrates that even warmer and drier sites can have high resistance to cheatgrass if high perennial herb cover is maintained.
While our results confirm that resistance to cheatgrass and resilience to disturbance are associated with seasonal soil temperatures and water availability in the sagebrush zone, many of our sites were susceptible to increases in cheatgrass cover, especially after fire (Fig. 4) , and had soil climate conditions where cheatgrass is adapted. These sites appear to be representative of major areas in the sagebrush biome where cheatgrass is expected to increase in abundance with warming seasonal temperatures (Boyte et al. 2016 , Bradley et al. 2016 , Coates et al. 2016 . We conclude that managing grazing and implementing vegetation treatments in these areas to support the highest potential cover of desirable perennial herbaceous species will best support resilience to wildfire and resistance to cheatgrass. This may include revegetation on sites which lack perennial herb cover.
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